Introduction {#sec1}
============

Risk assessment of chemical mixtures is required for a better understanding of their effects on humans and the environment. However, methods for these assessments are currently underdeveloped because of their difficulties in collecting information about the mixture constituents, their concentrations, their toxicities, and their properties relevant to exposure.^[@ref1]^ Nontarget analysis shows high potential for rapid and practical initial assessment of mixtures.^[@ref2],[@ref3]^ Comprehensive two-dimensional gas chromatography (GC × GC), one of the nontarget analytical techniques, has been developed for the detection of a wide range of chemicals, including volatile and semivolatile compounds in simple and complex mixtures.^[@ref4],[@ref5]^ In previous studies, we have developed several data processing tools that enhance the performance of the nontarget analysis of GC × GC coupled with mass spectrometry (MS).^[@ref6]−[@ref11]^ These tools perform well in the evaluation of complex mixtures. However, these tools are not widely familiar to the GC × GC community without programming skills. Furthermore, these are not familiar to risk assessors without analytical skills including GC × GC. Hence, there is a need to bridge the gap between the developers and users such as chemical manufacturers, environmental analysts, and risk assessors.

We report a web platform that brings collaborators from different fields on the same page. The web platform, referred to as GC × GC Mixture Touch, enhances the usability of data processing tools in non-expert-conducting mixture assessments as well as in the GC × GC general users. The GC × GC Mixture Touch offers easy visualization of measured GC × GC data and allows users to "touch" the mixtures. Furthermore, it allows users to process GC × GC data and conduct spectral identification, estimate properties, and analyze potential risk. This paper describes the architecture of a free web platform with application examples for mixtures including industrially manufactured mixtures of short-chain chlorinated paraffins (SCCPs).

Methods {#sec2}
=======

Software Design {#sec2.1}
---------------

GC × GC Mixture Touch was programmed in *R* with the packages ncdf4, EBImage, plotrix, plotly, DT, webchem, ggplot2, png, rcdk, and shiny. References of the packages are linked from Mixture Touch website. The shiny server runs the script with a connecting data server for GC × GC data and parameter sets used for data processing according to client requests. Users can try the Mixture Touch with demonstration data supplied from the web platform or they can visualize and analyze their own data.

When users select a GC × GC data set from the category "DATA LOAD" in the left-hand sidebar, the data are downloaded and displayed in the main panel ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Main window of Mixture Touch. Freely available GC × GC measurement data for SCCPs (45% Cl) are shown as an example. Data for kerosene, lubricant oil, sediment, road dust, and fly ash samples can also be accessed. Personal files from users in Common Data Format (CDF) can be uploaded via the "LocalFile" function.](ao0c00340_0005){#fig1}

For analysis of data supplied by users, Mixture Touch accepts data via LocalFile under the category DATA LOAD. The GC × GC data should be in Common Data Format (CDF). Other file types can usually be converted to CDF using a function within the vendor's software associated with the instrument.^[@ref12],[@ref13]^ For example, the software from Shimadzu (Kyoto, Japan), PerkinElmer (Waltham, MA), Bruker (Billerica, MA), Agilent Technologies (Santa Clara, CA), JEOL (Tokyo, Japan), and LECO (St. Joseph, MI) includes the function or add-in tools for that purpose. When the user's CDF data is loaded, the user has to input appropriate values of modulation period and phase shift, which depend on the analytical settings in the GC × GC system used to obtain the data. For a quick trial of the data loading using LocalFile, GC × GC demonstration data can be downloaded via the help icon beside the DATA LOAD.

For advanced estimation of properties from the user's data, the user needs to upload their own parameter set via the "ADVANCED" function after selecting LocalFile. Several parameters can be input in as a comma-separated value (CSV) file in Mixture Touch. Each step or function tab is equipped with a help icon that explains how the step/function works and provides further references if available.

Samples of Mixture Data {#sec2.2}
-----------------------

The current Mixture Touch contains data for seven samples analyzed by GC × GC-MS: three environmental mixtures (fly ash, road dust, and sediment), three technical mixtures (kerosene, lubricant oil, and SCCPs), and a sample for a quick demonstration. Large data sets will require additional time for downloading and processing.

Instrumental Analysis Using GC × GC-MS {#sec2.3}
--------------------------------------

As an example, lubricant oil data were acquired under the following conditions. The samples were analyzed using a gas chromatograph (7890B, Agilent Technologies, Santa Clara, CA) with a GC × GC system (KT2006, Zoex, Houston, TX) coupled with a tandem MS (7000 A, Agilent Technologies). The first GC column was DB-1ht (10 m × 0.53 mm I.D., 0.17 μm film thickness, Agilent Technologies) and the second GC column was BPX-50 (1 m × 0.1 mm I.D., 0.1 μm film thickness, SGE Analytical Science, Melbourne, Australia). Analytical condition details for each mixture are provided as metadata with the data download ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

Mechanism of GC × GC Property Estimation {#sec2.4}
----------------------------------------

The partitioning behavior of compounds between two different phases can be estimated from retention times of analytes onto a GC × GC chromatogram using a linear free-energy relationship (LFER) that was calibrated for several properties. Mixture Touch is equipped with an equation for 12 environmentally relevant properties including logarithms of the partition coefficients of octanol--water (log* K*~o--w~) and air--water (log *K*~a--w~). The details are described in [Section S-1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00340/suppl_file/ao0c00340_si_001.pdf) in the Supporting Information and elsewhere.^[@ref14]−[@ref19]^

Algorithm of Spectrum Search {#sec2.5}
----------------------------

Mixture Touch is equipped with a mass spectrum search function. A library of approximately 14 000 mass spectra provided by the MS-DIAL website as open data^[@ref12]^ is ready to use in the current version of Mixture Touch. The details are described in [Section S-2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00340/suppl_file/ao0c00340_si_001.pdf) in the Supporting Information.

Results and Discussion {#sec3}
======================

Fundamental Functions {#sec3.1}
---------------------

In the first step of Mixture Touch, GC × GC data should be loaded. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the visualization result obtained for the SCCPs after loading of the registered data. Once the data are loaded, metadata for the sample, such as the instrumental conditions, sample conditions, and pre-processing methods, are displayed above the GC × GC chromatogram. When the metadata exhibits "Alkane Index: Available" and "Property Estimation: Calculated", the "Property Estimation" and "Potential risk" functions are available for the GC × GC data. For example, when the SCCP data meet these conditions, both functions are available as described in the next section. The road dust and fly ash data also meet these conditions, and users can quickly try the above functions. The application range of these functions is limited to nonpolar chemicals as described in [Section S-1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00340/suppl_file/ao0c00340_si_001.pdf) in the Supporting Information and elsewhere;^[@ref19]^ therefore, users are required to confirm that the target peak is within the constraints whenever they obtain results by these functions. After loading the data, clicking on the tabs "Peak list", "Additional 2D Plot", and "3D Plot" at the top of the main panel automatically starts data processing. The data become reactive to click action as soon as the data set has loaded. When users select "pixel" as the "pointing type" in the sidebar, the click action on the chromatogram provides an output for the selected pixel. By contrast, "peaktop" provides an output for the peak apex closest to the selected pixel. In the peaktop mode, the peak is automatically identified by a watershed algorithm. Details of the algorithm can be found under the help icon in the tab Peak List. The "ion extraction" function is available for the MS data. When users input the *m*/*z* of the ion of interest into "Extracted ion chromatogram (EIC)" under the category "MS SETTING" and select the preferred precision, the ion chromatogram is processed and displayed in place of the previously displayed chromatogram in the tab "Main Window". If no response is obtained, users should click "Perform EIC/Reload" to update the current status of the application or refresh the web browser.

Estimation of Properties {#sec3.2}
------------------------

The property estimation function is available for chromatographic data that fulfill the condition on data availability for the LFER equation. For the supplied data from the website, this would be confirmed by checking if the metadata exhibit Alkane Index: Available and Property Estimation: Calculated. The estimation is performed when a point in the chromatogram is clicked in the tab Main Window, and then the tab is switched to "Property Profile". For a quick trial of the property estimation with a user's own data, a parameter set of alkane RT values, lambda values, and α values is required. Demonstration files for these parameters can be available via the help icon beside the "USER TUNING". [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a result of estimation for a clicked peak in the SCCPs' chromatogram. A spider chart of the properties for the clicked peak is displayed with confidence intervals (5th and 95th percentiles). These output values are downloadable in a table format. The application range of the property estimation is limited to nonpolar chemicals with the currently parameterized LFER equation as described in [Section S-1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00340/suppl_file/ao0c00340_si_001.pdf) in the Supporting Information.

![Estimation of properties for a selected peak. The physicochemical properties of a selected point on the GC × GC chromatogram can be estimated. This function is available only for the GC × GC data equipped with the LFER equation. To confirm if the LFER equation is provided, check if Property Estimation is "Available" in the metadata of the GC × GC data shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. For personal GC × GC data, users can apply their own equations to estimate properties.](ao0c00340_0003){#fig2}

Potential Risk Calculation {#sec3.3}
--------------------------

Compounds with potential risks are directly projected on the chromatogram based on the estimated properties for the entire chromatogram. The risk potential domain is formed based on calculations with inequality conditions for related physicochemical properties. When a risk potential is related to multiple properties, a combination of the related properties is used for the calculation. As a case use, the domain of aquatic bioaccumulation potential (ABP) was formed with the contour lines of the properties log *K*~o--w~ (5 \< log *K*~o--w~ \< 7) and log *K*~a--w~ (−4 \< log *K*~a--w~ \< −1)^[@ref20]^ on the chromatographic data of SCCP as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. According to the output of the risk potential, most SCCP congeners did not show the potential to accumulate in aquatic organisms. By contrast, most of the congeners fulfilled the conditions for human bioaccumulation potential; therefore, it warns us that SCCPs tend to accumulate in the human body. In addition to ABP, other risk potential properties, such as long-range-transport potential, can be selected at the same time. This function to select multiple potentials allows us to focus on interesting chemicals from nontarget data depending on the risk context.

![Potential risk calculation for the detected chemicals. Peaks associated with potential risks in the GC × GC chromatogram are estimated. The aquatic bioaccumulation potential (ABP) is estimated and the resulting domain is exhibited in the chromatogram directly. The "long-range transport potential (LRTP)",^[@ref21]^ "arctic contamination potential (ACP)",^[@ref22]^ "terrestrial bioaccumulation potential (TBP)",^[@ref23]^ "human bioaccumulation potential (HBP)"^[@ref24]^ can also be estimated.](ao0c00340_0001){#fig3}

Spectrum Search {#sec3.4}
---------------

Mixture Touch allows spectrum searching of a clicked peak as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Prior to the spectrum search, users must load the spectrum database by clicking on the command button "1. Load and equip DB" and then "2. Activate search" in the tab "Spectrum Search". Once the function is activated, the spectrum search is performed automatically as a response to the peak click in the tab Main Window. The current version of Mixture Touch includes a mass spectral database available online^[@ref12]^ that contains approximately 14 000 spectra. Although successful matches are not always obtained because of a lack of reference spectra in the database, it can be useful to predict the structures of unknown peaks within Mixture Touch. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the result for a peak in a road dust sample that was clicked and searched with this function. The result identified this peak as pyrene from the database search with an excellent matching factor of 984. Even though the database needs to be expanded to allow for more successful matches, it is helpful to quickly check peaks of interest in chemical mixtures.

![Spectrum search function for a clicked peak The "spectrum search" function is performed in this tab to identify the compound for a selected peak. A spectrum with cosine similarity is searched for in a database supplied with Mixture Touch.](ao0c00340_0004){#fig4}

Conclusions {#sec4}
===========

Mixture Touch for GC × GC data allows all users from different backgrounds to touch mixture data obtained from the state-of-the-art analytical instruments. It also provides a function to identify chemical species and estimate properties and potential risk via a parameter set supplied for the calculation. We demonstrated with the example of the SCCPs that Mixture Touch is effective in screening complex mixtures for aquatic bioaccumulation potential. This web platform could bridge the gap among chemical manufacturers, analytical experts, environmental analysts, risk assessors, and the general public. We expect that the approaches of the web-based analytical platform will enhance the level of risk assessment of chemical mixtures.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00340](https://pubs.acs.org/doi/10.1021/acsomega.0c00340?goto=supporting-info).GC × GC Mixture Touch is freely available on the web at <http://www.mixture-platform.net/Mixture_Touch_open>; Section S-1. Mechanism of GC × GC property estimation; Section S-2. Algorithm of spectrum search ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00340/suppl_file/ao0c00340_si_001.pdf))
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